Phospholipid vesicles containing the transmembrane protein H-2Kk spontaneously fuse to form planar membranes when incubated on treated glass surfaces.
ABSTRACT
Phospholipid vesicles containing the transmembrane protein H-2Kk spontaneously fuse to form planar membranes when incubated on treated glass surfaces. Pattern photobleaching of fluorescent lipid probes indicates that these planar membranes are continuous and that the lipids are as mobile as they are in conventional fluid bilayers or monolayers. H-2Kk molecules in these planar membranes are immobile. These membranes stimulate cytotoxic T lymphocytes when cultured with immune spleen cells. The response to H2Kk in planar membranes is greatly enhanced by the addition of supernatant from concanavalin A-stimulated spleen cells, indicating that relatively little antigen processing or presentation by accessory cells occurs. Cytotoxic T cells induced by purified alloantigen are found to be as susceptible to antibody blockade as are effectors from conventional mixed lymphocyte culture, where the antibody is directed against a T-cell surface antigen reputed to strengthen target cell adhesion through an interaction independent of major histocompatibility antigens.
Gene transfer techniques allowing the expression of isolated genes in a new and defined cellular environment have made it possible to associate defined cellular functions with specific molecular entities. Recently, for example, the ability to present antigen to antigen-specific, major histocompatibility complex (MHC)-restricted T-cell hybridomas was conferred on mouse L cells by the transfer and expression of cloned IAk genes (1) . Thus, the minimal requirement for presentation of antigen would appear to be expression of Ia molecules on accessory cells.
One approach to an understanding of the molecular basis of MHC-restricted immune recognition and triggering is to study MHC proteins and foreign antigens in the still further defined environment of a synthetic lipid bilayer. Recent work in this laboratory has been directed toward developing techniques capable of providing information on the behavior of molecules in cell membranes and in model membranes during specific adhesion and triggering. Total internal reflection techniques enable one to observe exclusively fluorescently tagged molecules located within the area of contact between a cell and a planar model membrane (2) . With a view toward applying this method to H-2-restricted recognition by T cells, we have reconstituted H-2Kk in phospholipid monolayers spread at an air/water interface and shown that they specifically bind cloned cytotoxic T cells (3) .
In this report we describe a greatly simplified method for the construction of continuous planar membranes. Although at present these membranes are less well defined physically than membranes described previously (3) (4) (5) , they can easily be made to contain protein and can be made sterile. We show that planar membranes containing H-2Kk evoke a specific cytotoxic response from spleen cells from previously immunized mice. Although stimulated with purified antigen, effector cells from these cultures are inhibited by antibodies to T-cell proteins that mediate antigen-independent adhesion. An interesting feature of this system is that, unlike antigen reconstituted into vesicles or liposomes, H-2Kk in planar membranes is apparently not processed and presented by accessory cells. ,uM 2-mercaptoethanol, penicillin at 100 units/ml, streptomycin at 100 ,ug/ml, 1 mM glutamine, 1 mM sodium pyruvate, and 10% fetal calf serum. Tumor cells were maintained in medium lacking 2-mercaptoethanol and nonessential amino acids. Supernatant from Con A-stimulated rat spleen cells (Con A supernatant) was made as described (6) and was passed over a small column (approximately 0.5 ml of bed volume per 10 ml of supernatant) of Sephadex G-75 (Pharmacia) to remove residual Con A and was diluted to 80% with medium.
MATERIALS AND METHODS
H-2Kk and Antibodies. H-2Kk was purified from RDM4 cells grown as ascites in AKR/J mice using a method previously described (7) . Monoclonal 11-4.1 antibody (anti-H2Kk) (8) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. periments was 7:1. Culture supernatant was used as the source of the monoclonal antibody I21/7.7 (9), which recognizes an antigen having the properties of LFA-1 with respect to molecular weight, quaternary structure, and CTL function (10) .
Lipid Vesicles. Stock solutions of egg phosphatidylcholine (Sigma) and cholesterol (recrystallized three times from ethanol) were combined in a glass test tube at a 7:2 mole ratio. For photobleaching N-4-nitrobenzo-2-oxa-1,3-diazoledimyristoyl phosphatidylethanolamine (NBD-Myr2-PtdEtd) (Avanti Polar Lipids) was added to give 1 mol %. After evaporation of solvent under a stream of nitrogen the tube was kept under reduced pressure for 15-30 min. The lipids were then dissolved in a solution containing 140 mM NaCl, 10 mM Tris-HCl at pH 8, and 0.5% deoxycholate. The solution was bath sonicated to clarity and then diluted into a solution containing H-2Kk in the same buffer or into buffer solution without protein. The H-2Kk concentration was [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ,ug/ml. Reconstitution was carried out at a lipid-to-protein ratio of 10:1 (wt/wt) unless otherwise stated. Vesicles were formed by dialysis against four 1-liter changes of Pi/NaCl for 84 hr at 40C. If the vesicles were to be used for stimulation of CTL the lipid/detergent solution was passed through a sterile 0.2-gm-pore filter (Gelman Acrodisc), loaded into sterile dialysis tubing, and dialyzed under sterile conditions.
Photobleaching and Fluorescence Microscopy. Membranes were observed by epi-illumination with the 488-nm line of an argon ion laser. Lateral diffusion coefficients were calculated from fluorescence recovery after photobleaching, using a Ronchi ruling (11, 12) . Patterns used had a period of 7.9 ,um and 12.7 um. Photobleaching was carried out with a laser power of 175 mW.
Formation of Planar Membranes. Prior to use coverslips (18 mm round, no. 1 thickness) were boiled in Linbro 7 x detergent (Flow Laboratories) at a 1:4 (vol/vol) dilution, rinsed overnight under running deionized water, then dried in an oven at 120-150°C for 1 hr. Finally, coverslips were cleaned in an argon plasma cleaner (Harrick) for 15 min. For alkylation, coverslips were dipped in a bath containing hexadecane/carbon tetrachloride/chloroform (90:6:4, vol/vol) and 100 ,ul of octadecyltrichlorosilane per 100 ml until they readily shed excess solution. After alkylation, coverslips were rinsed several times in chloroform, then air dried overnight.
For microscopy, planar membranes were made by placing a coverslip, alkylated or unalkylated, on top of 80 ,lI of vesicle suspension in a clean glass Petri dish for 10 min at room temperature. After incubation the Petri dish was filled with Pi/NaCl and the coverslip, membrane side down, was attached to a clean glass microscope slide by two strips of double-stick tape. The membrane was then washed by allowing at least one Pasteur pipette-full of Pi/NaCl to flow between the membrane and the microscope slide. Membranes were never exposed to air. Microscopy was carried out on samples immersed in Pi/NaCl, using a x 40 waterimmersion objective.
Before incubation with antibodies the membranes were washed with Pi/NaCl containing 0.2% serum. Thirty microliters of fluorescent antibody (previously centrifuged at 100,000 x g for 20 min to remove aggregates) at about 20
;Lg/ml in the same buffer solution was added to the space between the membrane and the microscope slide. After a 10-min incubation the membrane was washed with Pi/ NaCl/0.2% serum. Coverslips and microscope slides used for production of planar membranes for cell culture were sterilized by soaking in absolute ethanol. Membranes used for CTL stimulation were made by holding coverslips on 80-/.d droplets of vesicle suspension on microscope slides for 10 min at room temperature. To deliver the coverslips to the bottoms of culture wells membrane-side-up, culture wells were first filled to brimming with warm (-370C) medium (7.4 ml). Then, resting one end of the slide on the rim of the well, the slide was quickly pivoted. At no time was the supported membrane exposed to air. Before adding cells and medium containing serum, 6.7 ml was carefully removed from each well.
In Vitro Stimulation of CTL. Responder mice were immunized 1-3 months before use by intraperitoneal injection of 107 spleen cells from A/J or B1O.A mice. Spleen cells from responder mice were suspended in medium containing 20% fetal calf serum. Stimulator spleen cells, either A/J or B10.A, were irradiated with 3000 rads (1 rad = 0.01 gray) and suspended in medium containing 10% serum. Cultures were set up by introducing 0.2 ml of medium or medium with stimulator cells and 0.6 ml of responder cell suspension to wells containing planar membranes made with or without H2Kk. Positive control wells contained stimulator cells, responder cells, and planar membranes made from H-2-free vesicles. Negative control wells contained H-2-free planar membranes and responder cells. Eighteen to 24 hours after culture had been initiated, wells were given an additional 0.5 ml of medium with 10% serum or 0.5 ml of 80% Con A supernatant. Cytotoxicity was tested on day 5 against 51Cr-labeled RDM4 (H-2k) cells and P815 cells or bacterial lipopolysaccharide-induced B10.AQR blasts in a 4-hr assay with 104 target cells per well in U-bottom microtitration plates. The percent lysis is calculated from the expression % lysis = 100 x (E -B)/(T -B), for duplicate samples, in which E is the cpm released into the supernatant in wells containing effectors, B is the background release in the absence of effectors, and T is the cpm released from target cells by 0.5% nonionic detergent.
Antibody Blocking. The effect of I21/7.7 cytotoxicity was determined at a constant effector-to-target ratio (40:1) for effectors stimulated with either B1O.A or planar membranes made with H-2Kk, using antibody at various dilutions in a 51Cr release assay. The percent inhibition is expressed as (1 -Exp/Ctrl) x 100, in which Exp is lysis in the presence of antibody and Ctrl is lysis without added antibody. range from 74% to 86% of the maximal possible recovery. Patterns bleached onto planar membranes containing fluoresceinated H-2Kk or fluoresceinated 11-4.1 bound to H-2Kk persist for several minutes, indicating that H-2Kk is virtually immobile. Even when planar membranes contain H-2Kk at a 100:1 lipid-to-protein ratio (wt/wt), no measurable diffusion of fluorescent 11-4.1 occurs.
RESULTS
Stimulation of Secondary CTL by Using Planar Membranes. To assess further the structural integrity of H-2Kk molecules, planar membranes made on alkylated and unalkylated surfaces were placed in culture with spleen cells from previously immunized B10.AQR mice. Stimulating cultures under various conditions, we found that responses to planar membranes were generally stronger at higher cell densities, were stronger when the coverslip was unalkylated, and were usually dependent on the presence of added growth factors. Killing of syngeneic B10.AQR blasts was never more than a few percent above spontaneous release backgrounds. Lysis of third-party P815 cells by antigen-stimulated cells was not greater than lysis by mock-stimulated cells. Fig. 1 shows the effect of coverslip alkylation on the magnitude of the response. The experiments shown were carried out with two different batches of coverslips at two different times with either 3 x 106 or 6 x 106 responding B10.AQR cells per well.
In both experiments responder cells cultured on membranes made on unalkylated coverslips were more cytotoxic than cells cultured under identical conditions on membranes made on alkylated coverslips. The difference in response cannot be ascribed to a consistently inhibitory effect of alkylation because positive control cells cultured on alkylated coverslips do not show a consistently lower response than positive control cells cultured on unalkylated coverslips. In a number of experiments (data not shown) we consistently found that the above planar membranes were far more efficient for CTL stimulation than were comparable amounts of lipid and protein in the form of vesicles produced by dialysis.
Antibody Blocking. The effect of 121/7.7 on cytotoxicity is shown in Fig. 3 . Despite the generally lower lytic capability of cell populations stimulated with planar membranes compared to cells stimulated with antigen-bearing cells, there is only a slight difference in their susceptibility to blocking by 121/7. The measured diffusion coefficient is in the range of values expected for diffusion of phospholipid molecules in fluid bilayers (13) or monolayers made at an air/water interface (5) . When the sample is bleached without a grid in place, no significant recovery occurs, indicating that diffusion coefficients measured are not an artifact of exchange equilibrium between the surface and the solution. H-2Kk in these membranes does not show measurable diffusion, unlike its behavior in liposomes, where a diffusion coefficient of 1.13 x 10-8 cm2/sec has been measured (14) . The uniform appearance of the fluorescence from fluoresceinated H-2Kk or fluoresceinated Fig. 3 indicate substantial inhibition by 121/7.7 of the cytotoxicity of both CTL populations. This result suggests that immunization with purified reconstituted antigen does not select an unusual subset of CTL. Although these data do not speak directly to the question of relative receptor-MHC antigen affinities they show that these two populations of CTL show no significant difference in their dependence on at least one adhesionstrengthening interaction independent of MHC antigens. One significant difference between these experiments and other work using H-2Kk reconstituted into vesicles (17) (18) (19) is the dependence seen here on added growth factors. Apparently the H-2Kk is recognized by pre-CTL because a significant response occurs only when membranes contain antigen; however, the requirement for exogenous factors indicates that H-2Kk in planar membranes does not stimulate T-cell help. The most likely explanation for this is that antigen in these membranes is not processed by antigenpresenting cells. It has been shown that antigen presentation by accessory cells is a necessary step for the stimulation of cytotoxic responses by H-2Kk in liposomes or vesicles (18) . This requirement is obviated by the addition of factors from mitogen-stimulated lymphocytes. Work from several laboratories has shown that helper T cells recognize antigen in denatured and degraded forni along with self-Ia molecules on antigen-presenting cells (20, 21) . Evidently little degradation of antigen in planar membranes by accessory cells occurs. This effect is not likely to be due to inhibition of antigen processing because responses against B10.A or A/J cells cultured on lipid membranes lacking H-2Kk are not similarly dependent on added factors.
A plausible explanation for the lack of T-cell help is that accessory cells are able to degrade large, native proteins only after they are internalized. Lysosomotropic agents such as chloroquine and ammonium chloride inhibit presentation of protein antigens (22, 23) . In the course of a mixed lymphocyte reaction, degradation of alloantigen by accessory cells may occur after phagocytosis of small, subcellular vesicles or membrane fragments released by the breakdown of dead cells or shed normally from live cells (24, 25) . If only small fragments were readily internalized and planar membranes were sufficiently stable in culture very little antigen would be available to accessory cells for degradation and subsequent presentation to helper T cells.
The low diffusion coefficient of H-2Kk in our planar membranes may be due to the strong interaction of this transmembrane protein with the underlying substrates. Unfortunately this has prevented our determination of whether laterally mobile H-2Kk molecules would be more or less efficient in stimulating the CTL response. In future work it will be desirable to find conditions under which the diffusion coefficients of integral membrane proteins can be controlled experimentally, so as to answer this question, and to facilitate other biophysical studies of interactions between membranes. The use of lipid-tethered peptides and antigens is one approach to this problem (26) .
